The relationships between hydraulic and photosynthetic properties in plants have been widely studied, but much less is known about how these properties are linked to water-source partitioning, the spatial and temporal separation of water sources in ecosystems. Plant water-source partitioning is often influenced by the proximity of groundwater from the natural surface. We studied the water acquisition strategy and hydraulic and photosynthetic properties of Tuart (Eucalyptus gomphocephala D.C.), a large coastal tree species that occupies seasonally dry habitats underlain by superficial aquifers. Our goal was to quantify water-source partitioning as the proportion of xylem water derived from the vadose and saturated zones with respect to stage of development and proximity of groundwater. We then sought to associate the proportional contribution of a given water source with xylem hydraulic and photosynthetic properties, thus conferring a linkage. Seedlings were more inclined to use surface soil water when rainfall recharge of the upper profile occurred, suggesting that they maintained or rapidly developed a proportionally high amount of functional roots in the upper, seasonally dry, soil profile. This strategy was associated with a lower xylem-area-specific hydraulic conductivity (K S ), leaf-area-specific hydraulic conductivity (K L ) and maximum photon yield of photosystem II (F V /F M ). In contrast, trees acquired water from a variety of sources in different seasons and had a higher K S , K L and F V /F M . Despite the higher K S and K L in trees, the midday hydrodynamic water potential gradient from soil to leaves, ΔΨ, was similar. We conclude that there was a linkage between hydraulic and photosynthetic properties with the partitioning of water sources and that this adaptation to long-term hydrological regimes accommodated the different hydraulic characteristics and hydrological environments of trees versus seedlings.
Introduction
In dry habitats the dominant factor determining plant root distribution is often soil water content (Jackson et al. 1996) . Under conditions where CO 2 assimilation is diminished due to water deficit, root growth can be at the expense of shoots. Additional root growth is therefore a trade-off between the cost of investing in this non-photosynthetic tissue, and the benefit gained from its role in keeping leaves hydrated and photosynthesizing. The benefit depends partly on spatial and temporal variation of water in the root zone (Clausnitzer and Hopmans 1994) , as well as on the hydraulic conductivity of the xylem between roots and shoots (Reich and Hinckley 1989, Doussan et al. 1998 ). Here we examine this interaction in a natural population of Eucalyptus gomphocephala (commonly known as 'Tuart').
At a given time the spatial distribution of roots reflects their pattern of growth in the past, and, in addition to hydraulic conductivity, determines the capacity for resource acquisition by the root system. In dry habitats there may be abundant roots near the soil surface where water is available only for brief periods, but tap roots can penetrate into deeper soil horizons with perennial water supply. 'Water-source partitioning' is a term describing the separation of water resources within and between plant species in both spatial and temporal dimensions
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Sustained contact with a perennial water supply (groundwater and associated capillary fringe) depends on: (i) the depth of the water table from the natural land surface and the water quality; (ii) the soil characteristics that limit root penetration; (iii) the capacity of a plant to tolerate anoxic conditions; and (iv) the intrinsic ability of a plant to develop deep roots. Studies of Banksia spp. (Proteaceae) in the Mediterranean-type climate of south-western Australia have shown that some species use groundwater in summer (Dodd and Bell 1993 , Dawson and Pate 1996 , Zencich et al. 2002 , requiring penetration of tap roots deep into the soil profile. The hydraulic properties of roots of these species have been studied in detail (Pate et al. 1995) and the mechanism for surviving water stress in these circumstances seems to be a combination of plant hydraulic and architectural traits (Groom et al. 2000) .
In the temporal dimension, plants that maintain roots capable of acquiring water from a variety of sources, termed dimorphic root systems, can exhibit shifts in the proportions of water drawn from each source. Dawson and Pate (1996) , for example, found that Banksia prionotes used recent precipitation during wet periods, but switched to the use of groundwater when surface soil layers were dry. This was possible because B. prionotes maintained a functionally dimorphic root system consisting of lateral and tap roots. The advantage of maintaining tap roots so that water uptake can be sustained during dry periods will depend on the probability of water deficits in surface soil layers, and the depth from the natural surface to the groundwater (Scott and Le Maitre 1998) .
The extent of a plant's root system will change through time as assimilated carbon is allocated to biomass components so that the supply of nutrients and water are brought into balance with demand (Santantonio 1989) . Since seedlings usually have access to only a modest carbohydrate reserve, derived from storage organs or a small photosynthetic area, their roots will typically be limited to shallow soil layers. With maturation (from seedling to tree), the relative amount of carbohydrate available for investment in roots increases, and this usually enhances the volume of soil from which resources can be acquired. Therefore, as plants mature and the root system explores the partitioned soil water environment, the potential for a switch in water-acquisition strategy emerges.
The transition in water-acquisition strategy with plant maturation has been identified in the study of morphosis from epiphytic, hemiepiphytic to arborescent state in Didymopanax pittieri (Feild and Dawson 1998) . Further, the different rooting environments experienced by epiphytic and arborescent plants have been linked to specific leaf structural and water relation properties (Holbrook and Putz 1996) as well as hydraulic traits (Patino et al. 1995) . However, little is known about changes in plant hydraulic traits and water acquisition strategies in freestanding species during maturation from seedling to tree.
Tuart (E. gomphocephala D.C.), a large canopy emergent which is endemic to coastal dune systems in south-western Australia, has been shown to modify its use of water in soil to accord with changes in groundwater depth and rainfall (Franks et al. 2007 ). To balance seasonal water supply with demand, Tuart may need to draw water from different soil horizons, particularly as development proceeds from seedling to tree. Furthermore, the hydraulic conductivity of the xylem may differ between seedlings and trees to accommodate different root systems. We used Tuart to test whether (i) the proportion of water acquired from surface soil water, subsurface soil water and groundwater differed between seedlings and trees, (ii) the proportion of water acquired from surface soil water, subsurface soil water and groundwater differed with the depth of groundwater from the soil surface, and (iii) stem hydraulic properties and leaf photosynthetic properties differed between seedlings and trees, and whether any differences are reflected in the proportions of water in xylem derived from surface soil water, subsurface soil water and groundwater.
Material and methods

Plant material and the study area
Two study sites, separated by 15 km, were selected within Yalgorup National Park (32.90S; 115.69E) in south-western Australia. Water tables were much deeper at one site compared with the second site (averaging 8.04 and 2.30 m below the natural surface for Site 1 and Site 2, respectively). Between 1950 and 2010, annual average rainfall for the area was 824 mm, of which only 4% fell during summer; the average daily maximum temperature in summer during this period was 29 °C (Australian Bureau of Meteorology 2010). Soils in Yalgorup National Park which are associated with E. gomphocephala are generally calcareous, sandy and with limestone features, occurring as interdispersed fragments, solid layers and outcrops that have been exposed by weathering. Specific to this study, both sites had a dark-brown sandy A-horizon grading to a white/yellow sandy B-horizon interdispersed with limestone fragments. The depths over which the A-horizon occurred differed between sites. At Site 1 the A-horizon extended to ~1 m whereas at Site 2 the transition to the B-horizon was at 0.5 m.
The sites each consisted of a 50 m × 50 m plot within which all measurements were taken. The study species, E. gomphocephala, was a canopy dominant at both sites, a range of size classes being represented (characterized by diameter at breast height (DBH)) by both seedlings (DBH = 0.02-0.05 m) and mature trees (DBH = 0.38-1.70 m). Tree density was similar at both sites: 128 stems ha −1 at Site 1 and 152 stems ha −1 at Site 2. The study began in January 2004 and was concluded in January 2005.
Soil, ground, stem and rain water sampling
Access tubes (n = 1 per site) for a neutron moisture probe (Model CPN 503; Campbell Pacific Nuclear, Concord, CA, USA) were installed at each site 6 months before the initiation of the study (Prebble et al. 1981 ) to a depth of at least 0.5 m below the water table. Soil moisture, detected as neutron meter count ratio (CR), was measured quarterly with the neutron moisture probe at depth intervals of 0.2 m for Site 1 and 0.1 m for Site 2. We selected a smaller depth interval at Site 2 because the total length of the access tube was less than at Site 1. On the same days that CRs were measured, soil cores to the water table depth were collected adjacent to the neutron moisture meter access tubes using a drilling rig fitted with hollow stem augers. Each core was collected in 0.8 m sections, encased in a clear acrylic tube and refrigerated prior to analyses. In a laboratory, tubes were cut open and ~10 subsamples were taken through each profile at depths coincident with measurements of CR. From these subsamples, soil volumetric water content (θ) was calculated using:
where w = soil water content (grams of water per gram dry weight of soil), ρ b = the bulk density of soil (gram dry weight of soil per cm 3 of soil) and ρ = the density of water (taken as 1 gram per cm 3 ). Soil dry weight was determined by oven drying at 105 °C for 48 h. A relationship between CR and θ across the soil profile of both sites was described by a linear model (CR = 0.28 + θ0.07, r 2 = 0.57, P < 0.001). Using this relationship, a value for θ was extrapolated for each measure of CR. The average ρ b of soils at Site 1 (1.98 ± 0.07 g cm −3 ) was slightly higher than at Site 2 (1.51 ± 0.13 g cm −3 ).
Additional soil samples were obtained from the soil cores at depth intervals ranging from 0.3 to 1.7 m depending on the total core depth. Each sample was sealed in a 125 ml polypropylene vial and kept frozen prior to the extraction of water for δ 2 H determination (see below).
Groundwater depth was measured at approximately monthly intervals using a piezometer located at each site (adjacent to the access tube for the neutron moisture meter). Groundwater samples were obtained from each piezometer coincident with soil samples after first purging three well volumes. Groundwater samples were sealed in centrifuge tubes and frozen prior to isotopic analyses.
Non-photosynthetic stem samples (n = 6 plants per size class and site) were collected from terminal branches at each sampling period. Stems were wrapped in plastic film, sealed in centrifuge tubes, and frozen prior to extraction of water for δ 2 H determination. While it is generally accepted that uptake of water by plant roots does not cause isotopic fractionation (Barnes and Allison 1983) , Lin and Sternberg (1993) revealed that in some species ultrafiltration by salt exclusion membranes can alter 2 H signal in roots by up to 10‰. However, the protocol of Thorburn et al. (1993b) showed that this process is unlikely in Eucalyptus trees.
Rainwater was collected using a 1 l separating funnel containing ~100 ml of silicon oil (to prevent evaporation) attached to a stake and set 0.5 m from the ground surface. Rainwater, a combination of individual rainfall events, was collected periodically during the wet season in centrifuge tubes and was frozen until analysed.
δ 2 H determination
Water from different sources in the landscape can often be tracked by differences in the ratios of stable isotopes. Hydrogen (mostly 1 H) includes the heavy isotope 2 H, usually in a ratio of about one atom in a thousand (Craig 1961) . Any physical processes to which the water is exposed may change this ratio, since the rate of the process differs with molecular weight-a process called fractionation. The resulting differences in isotope ratio may be used to track different bodies of water as they pass through the landscape (Barnes and Allison 1988) .
We used differences in isotope ratio between three bodies of water-groundwater; surface or vadose water, constantly replenished from rainfall; and the water contained in the intermediate subsurface soil layers (see below for further definition)-to identify the sources of water taken up by Tuart, E. gomphocephala.
Water was extracted from soil and non-photosynthetic stems by cryogenic vacuum distillation (Dawson 1993) . Isotopic ratios of hydrogen ( 2 H/ 1 H) were then measured from extracted water (soil water, stem xylem water and groundwater) with a high-temperature conversion/elemental analyser (TC/EA) coupled to a continuous-flow isotope ratio mass spectrometer (Finnigan DELTA-XL; Thermo Electron Corporation, Bremen, Germany) at the John de Laeter Centre of Mass Spectrometry. The data produced were normalized following Coplen (1988) and expressed relative to the Vienna-Standard Mean Ocean Water (V-SMOW) standard (Gonfiantini 1978) :
where R sample and R standard are the hydrogen isotopic ratios of the water sample and the V-SMOW standard, respectively. A three-component mixing model for water sources was applied to the δ 2 H data obtained from the dry season (February) and wet season (October) to estimate the contribution of a water source to that present in plant xylem at each of these Water-source partitioning and plant performance traits 765 Downloaded from https://academic.oup.com/treephys/article-abstract/31/7/763/1654302 by guest on 25 November 2018 periods (White et al. 1985 , Thorburn and Walker 1994 , Zencich et al. 2002 . The three potential water sources were considered to be surface soil water, subsurface soil water and groundwater. Surface soil water (the soil water obtained between 0.0 and 1.0 m below the natural surface at Site 1 and 0.0 and 0.5 m at Site 2) was considered most liable to changes in isotope proportions as a result of evaporation and infiltration, since the soil volumetric water content at this depth was most variable. Subsurface soil water (the soil water obtained between 1.0 and 8.0 m below the natural surface at Site 1 and 0.5 and 2.3 m below the natural surface at Site 2), while not saturated, was not subject to short-term fluctuations in soil moisture due to evaporation and infiltration. Our separation of soil layers into surface and subsurface layers also considered the soil stratigraphy of each site (see above). Groundwater was the water collected from piezometers. The average δ 2 H of stem xylem water from each size class and sampling period was incorporated into the model to estimate the proportion of water obtained from a given water source. One isotope can only uniquely distinguish between two sources. A three-component mixing model, as used here, will therefore yield more than one unique solution (Philips and Gregg 2001) . Accordingly, we present both the average and bounding range of all model solutions produced from the three-component mixing model.
Pre-dawn leaf water potential and ΔΨ
The leaf water potential (Ψ pd , MPa) was determined before dawn (04:30-06:00 local standard time) during February and October in leaves from each individual (n = 4 plants per size class and site) using a Scholander-type pressure chamber (Soilmoisture Equipment Corp, Model 3005, Santa Barbara, CA, USA) (Scholander et al. 1964 ). In the wet season, midday leaf water potential (12:00-13:00 local standard time) was measured in the same individuals and the soil-to-leaf water potential gradient, ΔΨ, was calculated as the difference between pre-dawn and midday measurements. Leaves from the upper canopy of each size class were collected and stored cool in snap-lock bags prior to measurement.
Chlorophyll fluorescence
The maximum photon yield of photosystem II, the ratio of variable fluorescence to maximum fluorescence (F V /F M ), was determined near midday (11.30-13.00 local standard time) once a month, using one sunlit canopy leaf from each individual plant (n = 4 plants per size class and site) with a pulse-modulated fluorescence probe (Model OS1-FL; Opti Sciences Inc, Tyngsboro, MA, USA). Leaves were allowed to adapt to dark for 5-10 min before the application of a single saturating light pulse. We acknowledge that measuring F V /F M in this way does not provide a rigorous quantitative value of the quantum yield of PSII and the reason for stress-induced decreases in F V /F M are complex. However, our goal was not to interpret F V /F M values at a biochemical level but rather to obtain a relative measure of the maximum quantum yield of PSII between sites and in seedlings and trees.
Hydraulic conductivity
Hydraulic conductivity per unit stem cross-sectional area (K S ) and per unit leaf area (K L ) was determined for stems of a greater length than the longest measured vessel (~10 cm) and with a diameter of 0.3-1.0 cm. Hydraulic conductivity (expressed per unit of stem area and leaf area) was measured using a steady-state flow meter (Feild et al. 2001 , Franks et al. 2007 ). Intact terminal branches were collected every month from February 2004 to October 2004 from each individual plant (four plants for each size class and site) and immediately transported to a laboratory. Branches were collected before sunrise to eliminate the potential effect of transient, daytime xylem embolisms (Sperry and Sullivan 1992) . Hydraulic conductivity per unit leaf area was determined as
where K S = the hydraulic conductivity per unit xylem area (kg s −1 m −1 MPa −1 ) and H = the Huber value (Zimmerman 1978) , the ratio of stem cross-sectional area A x (m 2 ) to the leaf area A L (m 2 ) receiving water from that stem. There was no visual evidence of pith in the stems under investigation in this study and so xylem area was assumed to be close to stem cross-sectional area. Leaf areas were measured with an area meter (WinDias Image Analysis System; Delta-T Devices, Cambridge, UK). Some native embolisms were likely even in the wet season; these were accepted, since this study was concerned only with existing, natural hydraulic conductivities under the given environmental conditions. It is likely, therefore, that stems could have operated with higher values of K S and K L if these embolisms had been removed.
Statistical analyses
Two-way analyses of variance (ANOVAs) and repeated-measures ANOVAs were performed in MINITAB 13 (State College, PA, USA) with significance (P) set to 0.05.
Results
Soil moisture
At both sites, rainfall recharge influenced the proximity of the water table (Figure 1) , with a short lag period between the start of the annual wet period and the rise of the water The volumetric water content (θ) showed a distinct increase from February (dry season) to October (wet season) (Figure 2 ). Like groundwater depth, the seasonal change in water content of the vadose zone was greater at Site 2. At both sites the inputs of rainfall were reflected in the rise in volumetric water content throughout most of the soil profile. The least affected zone was the surface soil layer (0.0-0.5 m for Site 2 and 0.0-1.0 m for Site 1), where the effects of evaporation were still apparent in the wet season.
Isotopic composition of water
At both sites the δ 2 H of stem xylem water increased during the wet season in both size classes (Figure 3a and b) . Also at both sites the δ 2 H of seedling xylem water was greater than in trees during the wet season (ANOVA, P < 0.05), whereas at other measurement periods there was no significant difference between size classes (ANOVA, P > 0.05). The δ 2 H of surface and subsurface soil water responded differently to seasonal change at both sites (Figure 3c and d) . In general, the δ 2 H of subsurface soil water was more stable than surface soil water, although the isotopic composition of both water sources tended to increase in the wet season. In the wet season the δ 2 H of surface soil water at both sites was close to the value obtained from rainwater (Figure 4c ), which was −15.38‰ for Site 1 and −11.44‰ for Site 2. The δ 2 H of groundwater was relatively stable at both sites but showed a slight seasonal trend consistent with changes in the δ 2 H of subsurface soil water (Figure 4a) .
The three-component water source mixing model was applied to the δ 2 H data collected in the dry season and wet season (indicated by arrows in Figures 3 and 4) . In the dry season, between 57% and 95% of the water used by plants was obtained from the subsurface zone of the soil profile (Table 1 ). In general, there was greater use of subsurface soil water at Site 2 (shallow water table) compared with Site 1 (deep water table) during the dry season. In the wet season use of subsurface soil water was less apparent generally. Also at this time seedlings at both sites tended to use mainly surface soil water, whereas trees used a mixture of surface water, subsurface water and groundwater. This meant that groundwater use by trees increased in the wet season.
Pre-dawn leaf water potential and ΔΨ
Pre-dawn leaf water potential (Ψ pd ) was significantly higher in the wet season compared with the dry season (repeatedmeasures ANOVA, P < 0.01, Tables 1 and 2 ). Further, Ψ pd was not significantly different between sites or size classes and Water-source partitioning and plant performance traits 767 (Table 1) were analysed during these periods. there was no significant interaction (repeated-measures ANOVA, P > 0.05, Tables 1 and 2 ). Seedlings and trees maintained similar ΔΨ but values were lower for plants at Site 2 (two-way ANOVA, Table 3, Figure 5a ). There was no interaction between site and plant size.
Hydraulic conductivity and maximum yield of photosystem II
There was no statistical difference in the hydraulic conductivity per unit stem area (K S ) or leaf area (K L ) on the basis of sampling date (P > 0.05, ANOVA) so data were pooled for each parameter. Pooled data across sampling periods showed that K S was larger in trees than in seedlings, but there was no statistical difference on the basis of site and no interaction between size and site (two-way ANOVA, Table 3 and Figure 5b) . Similarly, K L in trees was higher than in seedlings (Figure 5c and Table 3 ). However in contrast to K S , site differences were observed in K L , being significantly larger at Site 2 (shallow water table) compared with Site 1 (deep water table) (two-way ANOVA, Table 3 and Figure 5c ). There was no interaction between site and size. There was no statistical difference in K S or K L between sampling periods (P > 0.05, ANOVA) and no apparent correlation between K S or K L and Ψ pd (P > 0.05 for each).
Mean maximum yield of photosystem II, F V /F M , was significantly larger for the deep water table site (Site 1) compared with the shallow water table site (Site 2) (two-way ANOVA, Table 3 and Figure 5d ). At Site 1, trees also displayed significantly larger F V /F M compared with seedlings (two-way ANOVA, Table 3 and Figure 5d ). The average F V /F M showed no significant difference between sampling periods (P > 0.05, ANOVA).
Discussion
Rainfall induced a rise in the water table at both sites, and this was associated with a general increase in volumetric soil moisture (θ) and an increase in pre-dawn leaf water potential (Ψ pd ). At both sites increased rainfall resulted in proportionally greater use of surface soil water by seedlings, but this was less apparent in trees, particularly where the water table was located at depth. The acquisition strategy employed by seedlings, consistent with the retention or rapid development of active shallow roots, was associated with a low maximum photon yield of photosystem II (F V /F M ) and low stem hydraulic conductivity whether relative to xylem area (K S ) or leaf area (K L ). In contrast, trees used a variety of water sources in the dry season and wet 768 Drake et al. (Table 1) were analysed during these periods.
season. This strategy was associated with a consistently high F V /F M , K S and K L . These results indicate that water-source partitioning is coordinated with hydraulic and photosynthetic properties in E. gomphocephala at different stages of development, and at different proximities of groundwater.
Groundwater and soil moisture
At both sites, proximity of groundwater and soil moisture in the unsaturated zone was strongly associated with rainfall. The lag phase between the initiation of the annual wet season and a change in the position of the water table was small, occurring within the same month. This is consistent with the results of Lindsay (2002) , and supports the observation that the sandy soils of the district have a relatively high hydraulic conductance (Sharma and Hughes 1985) . The greater seasonal shift in the position of the water table at Site 2 compared with Site 1 is typical of a system with a shallow water table, in which there Water-source partitioning and plant performance traits 769 Potential water sources are defined as surface soil water ('surface'), subsurface soil water ('subsurface') and 'groundwater'. The proportional use of each water source was estimated from a three-component mixing model incorporating the (Table 1) were analysed during these periods.
is a short path length between the natural surface and the zone of saturation (Barnes et al. 1994) . At Site 2 the volume of root zone is constrained because of a shallow saturated soil. In addition, moisture in the vadose zone is subject to much temporal variability, as a result of the migration of the water table. Adaptation to these conditions could take two forms: (i) root die-back and growth to track the rise and fall of the water table and capillary fringe, or (ii) the persistence of roots in the seasonally saturated zone. At Site 1 a deep water table subject to limited seasonal fluctuation lies below a large potential root zone. Thus, the necessity for roots to adapt to large seasonal shifts in soil moisture to meet water requirements is reduced. Although the small seasonal fluctuation in the position of the water table implies that little groundwater is used by plants at Site 1, diurnal recharge may have been occurring at this site.
Water-source partitioning
Two processes dominate the δ 2 H of soil water: precipitation, which adds meteoric water of a certain δ 2 H, and evaporation of water from soil, which results in the 2 H enrichment of this water (Barnes and Allison 1988) . In this study, wet season precipitation provided an enriched water source, the signature of which was evident in the soil profile during October (Figure 3) . Such wet season inputs typically constitute a depleted source of deuterium but in Western Australian streams it has been shown that 2 H can diminish after significant rainfall and thereafter increase (Turner and Macpherson 1990) .
At both sites and in both seedlings and trees, pre-dawn leaf water potential increased towards zero as a response to the seasonal rewetting of the vadose zone. The magnitude of seasonal change in pre-dawn leaf water potential was similar between sites with the exception of seedlings at Site 1. This exemplifies the general relationship between season and plant water status in this species (Franks et al. 2007 ). The transition to the wet season could have influenced plant water status by directly increasing soil moisture in the vadose zone and/or by raising the water table and capillary fringe to within the region of active roots.
To quantify the partitioning of water sources at each site, we applied a three-component mixing model to the δ 2 H data. In the dry season plants occupying both sites mainly used subsurface soil water. Also at both sites, seedlings showed a large increase in the use of surface water upon transition to the wet season, whereas trees used a mixture of water sources. This would imply that seedlings in this study were Comparisons were made between site (deep water table and shallow  water table) , season (wet and dry) and size (seedling and tree). Data were normalized prior to analysis by log transformation. Significant differences are shown in bold. Table 3 . Two-way ANOVA comparison of the soil-to-leaf water potential gradient (ΔΨ), hydraulic conductivity per unit stem area (K S ), hydraulic conductivity per unit leaf area (K L ) and the maximum photon yield of photosystem II (F V /F M ).
ANOVA F value (n, df) mainly drawing upon recent rainfall in the wet season, while trees were using water present throughout the soil profile during this period. The similarity in water acquisition strategies across sites may be an indication that E. gomphocephala is an opportunist, accessing water throughout the soil profile when root systems are sufficiently developed. Opportunistic use of soil water is typical of a seasonally dry or saline habitat, having been observed in other eucalypts (Thorburn et al. 1993a, Thorburn and Walker 1994) , Melaleuca halmaturorum Miq. (Mensforth and Walker 1996) and banksias (Zencich et al. 2002) .
Hydraulic and photosynthetic properties
Functional limitations are imposed on the water transport pathway as trees grow in height (Ryan and Yoder 1997, Koch et al. 2004) . For example, if hydraulic conductivity remains constant then total plant conductance will decline with height, and the resulting increased hydrodynamic and static water pressure difference from roots to canopy could disrupt canopy gas exchange (Franks 2004) . Several compensatory mechanisms can help alleviate these effects, such as an increase in xylem hydraulic conductivity as trees grow taller. However, there are potential trade-offs with this solution, including increased xylem vulnerability to air embolisms (Hacke et al. 2006) . Therefore, patterns of change in K L and K S as plants grow taller may be site or species specific according to different hydrological and ecological factors.
In this study, K S , K L and F V /F M were larger in trees compared with seedlings at Site 1 (deep water table; Figure 5 ). That is, for a given investment in stem cross-sectional area (for K S ) or leaf area (for K L ), trees maintained higher xylem hydraulic conductivity than seedlings and this was associated with higher F V /F M . A similar trend, though not significant, was observed for K S and K L in trees versus seedlings at Site 2 (shallow water table). Trees were potentially able to draw upon a variety of water sources in the soil, providing a more consistent water supply to the canopy in this seasonally dry environment. Increased K S and K L in trees would assist in the transport of this water over their longer hydraulic path lengths, helping to keep ΔΨ stable as seedlings matured into trees (Figure 5a ). This pattern of hydraulic coordination during growth is consistent with previous observations of seasonal homeostasis of ΔΨ in this species (Franks et al. 2007 ). However, this does not always hold and for different species it could depend on environmental moisture. For example, a strong positive correlation was observed between K L and tree height in Sequoia sempivirens (moist coastal environment) but not in Sequoiadendron giganteum (mountain environment) (Ambrose et al. 2009 ). Reliability of water supply could be a further significant factor influencing the relationship between tree height and hydraulic conductivity. Free standing Ficus species, for example, showed higher K L relative to hemi-epiphytic forms with less reliable water supplies (Patino et al. 1995) , and in a study of the neotropical savanna tree species Sclerolobium paniculatum, experiencing a pronounced dry season, K L showed little change with tree height (Zhang et al. 2009) .
A higher F V /F M in trees at Site 1 (deep water table) relative to trees at Site 2 (shallow water table) is revealing of the potential disadvantage of a small volume of root zone. At Site 2 there was a possibility for trees to experience partial root zone flooding during the wet season and this can impact on the photochemistry of leaves. Mielke and Schaffer (2010) in a study of Eugenia uniflora, for example, showed that flooding induced an increase in the minimum fluorescence of dark adapted leaves (decreased F V /F M ), an indication of photoinactivation of photosystem II reaction centres. It remains to be seen whether water reliability, due to a shallow water table, offsets the disadvantage of a constrained root zone volume in habitats occupied by E. gomphocephala. Maintenance of a larger ΔΨ and lower K S and K L at the deep water table site suggests more extensive native embolisms as a result of reduced water availability.
Conclusions
The results of this study confirm that water-source partitioning of E. gomphocephala is coordinated with the hydraulic and photosynthetic properties of the species. In different sites, and at different stages of development, we observed opportunistic use of groundwater, rather than dependence on it. Despite the general similarity in behaviour of seedlings and trees, it is suggested that differences in root distribution for water uptake were linked to canopy processes at different stages of plant development and with proximity of groundwater. We suggest that the linkage of hydraulic and photosynthetic properties with water-source partitioning contributes to the synchronization of plant growth with water availability.
